Examining the two motion processes is an elusive task due to the difficulty of finding a proper stimulus paradigm. A rotational Glass pattern created with a random-dot array by superimposing its rotated version on the top of it can provide such a paradigm. If we displace only its rotated part in the vertical or horizontal direction, a bistable motion occurs; local dot motion in the same direction and Glass-pattern motion in the orthogonal direction. From two experiments, we found local dot motion is predominant in short spatiotemporal range and global pattern motion in long spatiotemporal range. Since the stimulus allows us to maintain all of its properties identical except for the changes in spatiotemporal parameters, this result shows more robustly that the energy-based first-order motion favors short spatiotemporal ranges while the pattern-based second-order motion favors long spatiotemporal ranges.
Introduction
Motion perception is influenced by spatiotemporal parameters in a complex way. Investigations on such complexity have led many researchers to suggest that it comprises at least two qualitatively different processes. Examples are short-range vs. long-range processes (Baker & Braddick, 1985; Braddick, 1974) , low-level vs. high-level processes (Braddick, 1980) , and first-order vs. second-order processes (Cavanagh & Mather, 1989; Lu & Sperling, 1995) . Attempts to prove such processing dichotomies have been made for the past decades and are currently converging on a body of evidence supporting the dichotomy of a simple motion energy mechanism depending on first-order or Fourier signals and a derivative motion energy mechanism depending on second-order or non-Fourier signals (Lu & Sperling, 2001; Schofield & Georgeson, 2000) .
The most critical problem raised against the earliest theory, short-range vs. long-range motion, has been that the stimulus used for proving one process is different from that for proving the other one (Cavanagh & Mather, 1989 ). According to this, the difference in motion usually observed in its supporting experiments can be a mere consequence of using different stimuli rather than the evidence of two different processes selectively operational at different ranges of spatiotemporal parameters. For example, a random-dot kinematogram has been frequently used for short-range motion (e.g., Braddick, 1974; Julesz, 1971 ) and a figural stimulus for long-range motion (e.g., Anstis, 1970; Green, 1986) .
The best way to avoid the problem of using different stimuli in different experimental settings is, of course, to use a single stimulus paradigm in a single experimental setting (Petersik, 1991) . The question here is whether there is such a single stimulus paradigm. If it exists, the motion perception will change from one state to the other as the parameters of a single stimulus cross a critical point on a spatiotemporal continuum, resulting in bistable and competing states of perception within a zone around it. In this case, since the stimulus properties are identical only with the changes in spatial and/or temporal parameters across different experimental conditions, the resulting two different percepts are more safely attributable to the dichotomous processes rather than the stimulus difference.
Several studies have shown that dominant motion in a bistable stimulus changes depending on its temporal parameters. With the Ternus display (Ternus, 1938) , Pantle and Picciano (1976) and Petersik and Pantle (1979) have shown that the perceptual dominance is changed from ''end-to-end movement'' to ''group movement'' as inter-stimulus interval (ISI) increases. They interpreted such bistable perception as the supporting evidence of short-range and long-range processes. Another type of bistable apparent motion has also been reported to occur with a stimulus paradigm adopting first-and second-order dichotomy. For example, using kinematograms consisting of micro Gabor patches Boulton and Baker (1993) have shown that for short stimulus onset asynchrony (SOA), perceived direction is predictable from the spatiotemporal Fourier power spectrum of the stimulus, whereas for long SOA perceived direction is unrelated to it. Although these studies have successfully shown that bistable apparent motion occurs with a single stimulus paradigm, a couple of points, however, need to be further clarified for them to be taken as the evidence of a processing dichotomy.
One point is whether both types of the bistable motion can be explained by the correspondence in local luminance change. If they can, more plausible and parsimonious is the assumption that a single process relying on the correspondence of local luminance change is responsible for both types of motion. In this respect, the two types of motion observed in the Ternus display may not be attributable to dichotomous processes as Pantle and his associate assumed. Like in the Ternus display, when the inter-dot distance is equal and the step of back-and-forth motion is one-dot distance, the perceptual interpretation is inherently ambiguous because any three dots moving together and any one marginal dot moving across the middle two dots have to be depicted by an identical set of stimulus frames in apparent motion. Thus, in this case, three-dot motion and one-dot motion can claim equal right in the way of resolving the correspondence of luminance change. If we follow this line of reasoning, the possibility cannot be excluded that the longer temporal parameters in the three-dot motion merely reflect more processing time for some active attentional processes operating over a wider spatial range (Anstis, 1980; Braddick, 1980) and that one rather than the two processes is involved in both types of motion (Scott-Samuel & Hess, 2001) .
The other point is whether identical stimuli were used in different experimental conditions. Unless this is ensured the argument of two processes is susceptible to what Cavanagh and Mather (1989) pointed out and one cannot say that, in a true sense, the resulting perception is bistable. From this point of view, the stimulus paradigm used by Boulton and Baker (1993) needs to be re-examined. In their experiments, they used micro Gabor patches in such a way that the correlated patches in a pair of successive motion frames were separately presented with the intervention of a blank field of mean luminance at SOAs greater than the frame duration (100 ms), while linearly summed luminance profiles of two correlated patches at shorter SOAs. Therefore, the luminance profiles of the stimuli used in the long-SOA and short-SOA conditions were different: stimulus identity was not in the image domain but in the presumed dynamic frequency domain changing across time or the presumed behavior of a neural unit.
While a bistable stimulus paradigm is expected to provide us with an unambiguous division of two motion types solely by changing only spatiotemporal parameters, few existing cases can survive as bistable if we apply the criteria of these two critical points. Probably the only existing case is the missing fundamental gratings, where the fundamental frequency is subtracted from the square wave gratings. One interesting property of this stimulus is that, when displaced by a quarter cycle of the fundamental, its features (second-order signals) jump forward by a quarter cycle, but the most dominant third harmonics (first-order signals) jump forward by a 3/4 cycle, which is equivalent to a jump backward to 1/4 cycle. When the stimulus frames were presented successively without introducing ISI in between them, the gratings appear to move backward (Adelson & Bergen, 1985; Georgeson & Shackleton, 1989) . However, when ISI is introduced, the direction of motion gradually changes from backward (direction of first-order signals) to forward (direction of second-order signals) as a function of ISI (Georgeson & Harris, 1990) . A similar finding has also been reported with the grating stimulus consisting of 3f and 4f gratings (Hammett, Ledgeway, & Smith, 1993) . Results of these experiments with the missing fundamental gratings support, in a rather unambiguous way, the idea of two different motion mechanisms; one depending on luminance modulation and the other depending on feature tracking.
In a strict sense, however, Georgeson and HarrisÕ missing fundamental gratings include multiple components of which near-match correspondence is inherently ambiguous like the TernusÕ display. Our visual system performs locally bounded frequency analysis with Gabor-like filters rather than unbounded Fourier analysis (DeValois & DeValois, 1990) and, thus, the possibility for the locally bounded analyzers to capture both the acute edges and the third harmonics as primitive features is very high. Considering this possibility, both types of stimulus components amount to having inter-frame correspondence in the image domain and, accordingly, a similar critique made to the Ternus display can be applied to their stimulus. Can there be other bistable stimulus paradigm safer from such a problem?
The answer is yes and a single stimulus paradigm designed with a concentric Glass pattern (Glass, 1969) can be used for this purpose. If we make a random array of dots and superimpose its rotated version on it, a concentric Glass pattern emerges. Because of the way that this pattern is constructed, it reveals very interesting changes when we displace either the original or the rotated half set of the dots in up-and-down directions. First, every dot in the shifted half set will change its position in the direction of displacement. This is natural and not a surprise. At the same time, however, a new Glass pattern with a displaced center emerges whenever the half set moves upward or downward direction. Such a result occurs from the rotational relationship between the two half sets of dots. To understand this, suppose that we generate an array of random dots and superimpose its clockwise-rotated version on it. The initial Glass pattern thus created will have its center at the center of stimulus. However, as illustrated in Fig. 1 , if we move the rotated half one-step distance upward, the distance between a pair of dots producing a virtual line will increase for the dots in the left side and decrease for the dots in the right side of the stimulus, resulting in a Glass pattern having a new center displaced rightward. For the same reason, when we displace the rotated half set downward, the center of Glass pattern shifts leftward. One additional interesting feature of a newly emerging Glass pattern resulting from the upward or downward displacement of the half dot set is that, although its overall configuration depicts a concentric structure, it has completely different set of virtual lines and dot pairs involved in them from the previous one. In other words, the Glass patterns having different centers have no correspondence in local luminance modulation. An even more interesting feature of this stimulus reveals itself if we change the ISI of upand-down displacement. At around 80 ms of ISI, two different types of motion are competing with each other and bistable; coherent up-and-down motion of half dot set is dominant in ISI shorter than 80 ms and left-andright motion of a concentric structure is dominant in ISI longer than that. Here, according to Chubb and Sperling (1988) and Cavanagh and Mather (1989) , the former is a typical first-order or Fourier motion caused by luminance modulation but the latter is a second-order or non-Fourier motion in that there is no mean luminance change in the direction of the structural motion.
By the nature of stimulus characteristics resulting in bistable motion, the concentric Glass pattern is expected to reveal the spatiotemporal rules governing the processing dichotomy of motion in a rather straightforward way. Two experiments were performed to investigate the effects of temporal and spatial parameters.
Experiment 1:
The effect of temporal parameters on the perception of bistable motion 2.1. Methods
Subjects
Three graduate students who were naïve about the purpose of the experiment participated in the experiment. All of them had normal or corrected-to-normal vision and had previously experienced psychophysical experiments. Fig. 1 . An example of stimulus used in the experiment. The left and right Glass patterns represent the first and the second frames of a two-frame apparent motion stimulus, respectively. The first frame was made by generating a random-dot array and superimposing its clockwise-rotated version on top of it. The second frame was obtained just by shifting only the rotated and superimposed dots in the first frame a few-pixel distance upward. Notice that, as shown in the pairs of boxes a and b, the vertical shift of dots in the second frame makes the distance between a pair of dots in the left side of the first frame increase and that in the right side decrease, resulting in a rightward shift of Glass-pattern center in the second frame. With these two frames, interesting bistable motion occurs showing dichotomous states of perceptual dominance depending only on spatiotemporal parameters; upward motion of half dot set is dominant in short spatiotemporal ranges and leftward Glass-pattern motion in long ranges. Here, the former type motion is what can be predicted by luminance modulation but the latter structural type motion has no such correspondence in luminance modulation and depends solely on derivative emergent patterns.
The stimuli
In a dim lighted room, observers viewed the stimulus displayed on a 17 in. monitor of 1024 H · 768 V with their heads on a chin rest 107 cm apart from the monitor. Displays were generated with Psychophysical Toolbox (Brainard, 1997; Pelli, 1997) in Matlab (Math Works Inc.). To make a concentric Glass pattern, a square-form random array of 576 white dots was generated on a black background and its 5 deg clockwise rotation version was superimposed on it (thus, in total, 1156 dots made up a stimulus frame). The dot density was roughly 1.3% and the dot luminance was 66 cd/ m 2 . The sizes of stimulus and each dot subtended 10 deg and 2 arc min, respectively. With this dot array as the first frame, the second frame was constructed by displacing all the rotated half dots in the first frame 4 arc min distance upward or downward for two-frame apparent motion. The horizontal displacement of the center of Glass pattern resulted from the vertical displacement of half dot set was roughly 46 min (y = x cot z, where y, x, and z is the displacement of the Glass-pattern center, the vertical displacement of half dot set, and the rotational angle of the half dot set, respectively). This holds because the angular rotation (z) of a half dot set introduces a distance between every pair of two corresponding dots and a pair of dots to be the new center after a vertical displacement must fall apart at an identical distance to the vertical displacement (x). The frame exposure duration (EXPO) and ISI were fixed at one of three different levels (50, 150, or 300 ms) and one of seven different intervals (0, 33, 66, 99, 132, 165, or 198 ms) , respectively. The frame rate of monitor was 60 Hz and, thus, the unit of time manipulation was about 16.5 ms.
The procedure
Prior to starting main trials, the observer practiced on the experiment four times for each of the ISI and EXPO conditions. In each trial of the experiment, a fixation cross was presented at the center of the position where the stimulus was to be presented and the observer was instructed to fixate it before initiating a trial. The observer initiated each trial by a button press, immediately followed by two successive frames of Glass pattern at one of three different EXPOs and one of seven different ISIs. The observerÕs task was to indicate the perceived direction of the dominant motion, regardless of motion type (if the vertical motion of half dot set was dominant, expected response was upward or downward and, if the Glass-pattern motion was dominant, leftward or rightward).
The observer participated in two blocks of experimental trials. Each block consisted of 252 trials, 12 trials in each of 21 conditions (3 levels EXPO · 7 levels ISI). Within a block, both ISI and EXPO were completely randomized. perceived the vertical dot motion dominant when ISI was in short range and the horizontal Glass-pattern motion in long range; local dot motion and global-pattern motion were predominant at ISI less than 33 ms and at ISI greater than 165 ms, respectively. The results show that, in all observers and EXPOs, the perceptual dominance changes smoothly from local dot motion to global pattern motion as a function of ISI. Although there are some minor variations among observers and EXPOs, the point of equi-dominance (balanced bistable point) is around 80 ms. Fig. 2 also shows that the global pattern motion is more dominant at longer EXPO, resulting in shifts of the psychometric function to the left as EXPO increases. The ISI at the point of equi-dominance (the point of 50 percent of ÔGroup MotionÕ responses) for each EXPO condition was calculated for each observer by using Probit analysis (Finney, 1971) . The mean ISIs from three observers for EXPO 50, 150, and 300 ms were 102.2, 91.0, and 63.4 ms, respectively, and this difference was revealed as significant from a repeated ANOVA (F (2, 4) = 7.699, p < .05).
Results and discussion
Result of Experiment 1 supports the widely accepted hypothesis among contemporary motion researchers that there exist two distinctive motion systems, one favoring local luminance modulations and short ISI and the other favoring derivative global structures and long ISI. Since the correspondence in luminance change existed only in the vertical directions and the single stimulus paradigm made only the temporal variables effective, the result of Experiment 1 can be regarded as providing strong evidence for the two systems and reinforces the findings of past studies suffered for the stimulus identity problem. Interesting is that the transition point in ISI from one type motion to the other type is similar to what past studies found with different stimuli, ranging 60-100 ms (Boulton & Baker, 1993; Georgeson & Harris, 1990; Hammett et al., 1993; Pantle & Picciano, 1976; . If strong interdependency between the two types of motion signals and ISI has been so widely confirmed, what would then be the underlying mechanism of it? The answer can probably be found in our stimulus paradigm. With a stimulus consisting of numerous dots like a rotational Glass pattern, if ISI exceeds a certain limit, it can be difficult for our visual system to resolve dot-to-dot correspondence across two successive frames because the location information of each individual dot decays very quickly. On the other hand, a globally captured pattern is less likely to decay even after a relatively long blank interval, which seems to be the mechanism of making the second-order motion dominant in long ISI. Human motion system may have evolved two different strategies, one based on momentary changes in local luminance and the other based on more stable global structure, and this may be what we refer to first-order mechanism and second-order mechanism.
However, the fact that there exists strong dependency of two motion mechanisms on stimulus latency may not imply that there exists an absolute value of latency dividing their operational ranges. Schofield and Georgeson (2000) , for example, found that the second-order motion system might not be so much sluggish as many motion researchers had assumed. Our result also shows that the transition point may vary from one condition to the other: It was significantly shorter for longer EXPOs. This implies that the division point may shift depending on other given stimulus conditions. In our experiment, longer EXPO might allow the observers to more easily perceive the Glass patterns, resulting in a bias toward the second-order pattern motion.
If there is no correspondence in luminance modulation between two successive Glass patterns, what made the second-order motion possible? Ross, Badcock, and Hayes (2000) reported that the coherent rotational motion was perceived from the sequence of unrelated rotational Glass patterns such that there was no coherent velocity signal between frames. They suggested that there could be an input pathway to MT from V4 responsible for the processing of Glass pattern (Wilson & Wilkinson, 1998; Wilson, Wilkinson, & Assad, 1997) . As the supporting evidence for this, Krekelberg, Dannenberg, and Bremmer (2001) found that cells in areas MT and MST were responding to the translational motion in unrelated rotational Glass patterns. They suggested that these areas could be the site of interaction between form and motion.
3. Experiment 2. The effect of the spatial parameters on the bistable motion In our discussion on Experiment 1, we assumed that longer exposure time could allow easier access to derivative structural information resulting in a bias favoring the second-order motion. If it is true, other variables differentially affecting the two motion mechanisms may also reveal similar effects. Spatial separation of correlated dots in two successive frames can be one of them. With a rotational Glass pattern, as the separation becomes larger and larger exceeding a certain limit, resolving dot-to-dot correspondence based on local luminance modulation would become more and more difficult. In the past studies, such an effect was tested with different stimulus paradigms (e.g., Braddick, 1974) , but a rotational Glass pattern will provide a chance to test it with a single stimulus paradigm.
Methods
Three graduate students participated in Experiment 2. Two of them were naive to the experiment and one was a participant in Experiment 1. Except for making the exposure time fixed at 150 ms and letting the spatial separation of dots change across frames, all experimental settings including apparatus, stimuli, and procedure were identical to those of Experiment 1. Vertical displacements of local dots across frames were set to 4 min, 8 min, and 12 arc min, which, respectively, corresponded to 46 min, 1 deg 32 min, and 2 deg 18 arc min horizontal displacements of the Glass pattern (according to the formula, y = x cot z described in Experiment 1).
Results and discussion
The percentage of the dominant responses of ÔGlass-pattern motionÕ as a function of ISI for each observer for three spatial displacement conditions is shown in Fig. 3 . A general trend of the results were similar to those found in Experiment 1, such that the percentage of Ôpat-tern motionÕ responses increased with increasing ISI for all observers. As the displacement of the local dots between two motion frames (and consequently the displacement of the center of the Glass pattern) increased, the percentage of Ôpattern motionÕ responses increased for all the observers, resulting in the shift of psychometric function to the leftward. For the largest displacement condition where the displacement of the centers between two Glass patterns was over 2 deg, all the observers could perceive the pattern motion, implying that the second-order system can operate in relatively larger displacement. These results remind us that the maximum displacement or D max for long-range apparent motion for a simple figural stimulus is far beyond several degrees (Wertheimer, 1912; Zeeman & Roelofs, 1953) .
At the conditions of larger displacement, some of the observers reported that Ôpattern motionÕ was more dominant than local dot motion even at 0 ISI. This does not necessarily mean that the mechanism for first-order motion was not working at all. The largest dot-to-dot displacement used in the experiment was 12 arc min, which is less than D max for apparent motion (Braddick, 1974) . Therefore, the dominance of Glass-pattern motion at 0 ISI may come from the competitive process for the bistable motion stimulus.
Although the luminance-based motion mechanism cannot tell the motion directions from the stimulus with a larger displacement (Todd & Norman, 1995) , the stimulus parameter used in this experiment was within its operational range. First-order mechanism is sensitive to spatiotemporal parameters so that the D min was decreased with increasing temporal frequency, while second-order mechanism is little affected by the temporal frequency of the stimulus (Seiffert & Cavanagh, 1998) . Increasing the spatial displacement at 0 ISI may affect first-order mechanism aversively but it may not affect the second-order mechanism, which caused the higher responses for Ôpattern motionÕ at 0 ISI.
General discussion
Conceptualizing the two motion mechanisms, past theories inclined more to the spatiotemporal parameters but the current trend inclines more to the mode of stimulus (e.g., first-order vs. second-order or luminance modulation vs. structural modulation). However, this discrepancy may not be a substantial one if we admit that stimuli of different mode favor different spatiotemporal parameters. Furthermore, it seems more plausible to assume that different stimulus modes activate different types of processing rather than that different types of processing are selectively operating depending on spatiotemporal parameters. Before holding such a theoretical point, however, we should be able to show that through experiments where factors other than stimulus mode cannot affect the results. In practice, researchers trying to test the effect of different stimulus modes are prone to use different stimulus paradigms because it is difficult to accommodate different stimulus modes in a single stimulus paradigm. To resolve this problem, we need a bistable stimulus paradigm where everything is identical except the spatiotemporal parameters. The rotational Glass-pattern designed by us fortunately is such a paradigm and clearly reveals that the motion based on local luminance change is dominant in short spatial and temporal ranges while the motion based on global structural change is dominant in long spatial and temporal ranges.
